Diets high in red meat have been consistently associated with colorectal cancer (CRC) risk and may result in exposure to carcinogens that cause DNA damage [i.e polycyclic aromatic hydrocarbons, heterocyclic amines (HCAs) and N-nitroso compounds]. Using a family-based study, we investigated whether polymorphisms in the nucleotide excision repair (NER) (ERCC1 3# untranslated region (UTR) G/T, XPD Asp312Asn and Lys751Gln, XPC intron 11 C/A, XPA 5# UTR C/T, XPF Arg415Gln and XPG Asp1104His) and mismatch repair (MLH1 Ile219Val and MSH2 Gly322Asp) pathways modified the association with red meat and poultry intake. We tested for gene-environment interactions using case-only analyses (n 5 577) and compared the results using case-unaffected sibling comparisons (n 5 307 sibships). Increased risk of CRC was observed for intake of more than or equal to three servings per week of red meat [odds ratio (OR) 5 1.8, 95% confidence interval (CI) 5 1.3-2.5)] or hightemperature cooked red meat (OR 5 1.6, 95% CI 5 1.1-2.2). Intake of red meat heavily brown on the outside or inside increased CRC risk only among subjects who carried the XPD codon 751 Lys/Lys genotype (case-only interaction P 5 0.006 and P 5 0.001, respectively, for doneness outside or inside) or the XPD codon 312 Asp/Asp genotype (case-only interaction P 5 0.090 and P < 0.001, respectively). These interactions were stronger for rectal cancer cases (heterogeneity test P 5 0.002 for XPD Asp312Asn and P 5 0.03 for XPD Lys751Gln) and remained statistically significant after accounting for multiple testing. Case-unaffected sibling analyses were generally supportive of the case-only results. These findings highlight the possible contribution of diets high in red meat to the formation of lesions that elicit the NER pathway, such as carcinogen-induced bulky adducts.
Introduction
In its recent report on diet, physical activity and cancer, the World Cancer Research Fund concluded that the available epidemiological evidence that red meat and processed meat increase the risk of colorectal cancer (CRC) is 'convincing' (1) . Various mechanisms have been proposed to explain the link between red meat consumption and CRC. Chief among them is the exposure to three main families of carcinogens generated through cooking, processing or curing of meats: heterocyclic amines (HCAs) (2) , primarily found in meat cooked at high temperatures (3); polycyclic aromatic hydrocarbons (PAHs) (2) , formed by fat pyrolysis when meats are cooked above a direct flame, such as grilling and barbecuing (3) and N-nitroso compounds (NOCs) (4) , formed in foods that have been preserved using nitrates or nitrites (e.g. cured meats/sausages) or processed by smoking or fire-drying. Interestingly, feeding studies confirm that NOCs can also be endogenously produced in the colon lumen by the reaction of amines and amides with dietary nitrites, a process facilitated by colonic flora (5) (6) (7) (8) . Among the epidemiological studies of CRC that have taken into account red meat and poultry cooking methods and doneness levels, some (9-11) reported a modest positive relationship between diets high in heavily brown red meats and CRC; however, others only found an association when the relevant bioactivation phenotypes were considered (12) . A few epidemiological studies have considered estimated levels of HCAs (9, 11, 12) and overall support a role for HCAs in CRC risk, although results are not conclusive.
Results of animal studies support a role for HCAs, PAHs and NOCs in colorectal carcinogenesis (5, 13, 14) , particularly by their ability to induce DNA damage. Specifically, HCA-induced DNA adducts can generate mutations in the colon, which is considered as the main extrahepatic target of HCA adduct formation and carcinogenicity (15) . In addition, HCAs have been reported to induce frameshift mutations, microsatellite instability, strand breaks and oxidative base damage (15, 16) . There is also evidence that cells that have a deficiency in the mismatch repair (MMR) enzymes tend to accumulate more mutations after exposure to some HCAs (17) . Similarly, PAH-induced bulky adducts can induce mutations that have been detected in the human colon (18, 19) and its metabolism generates free radicals, which can induce base damages and strand breaks (20) . NOCs can alkylate DNA bases (21) , and aldehydes generated by NOC metabolism can also induce DNA strand breaks (22) . These types of DNA damage are repaired by different pathways, which include the nucleotide excision repair (NER), base excision repair, MMR, homologous recombination repair, non-homologous end-joining repair and methylguanine-DNA methyltransferase pathways.
Given the potential role of carcinogens formed in cooked meats in colorectal carcinogenesis through the formation of mutations in the colorectal lumen, a role for DNA repair gene variants as susceptibility genes and effect modifiers is plausible. In the present study, we report results of our investigations on the role of single-nucleotide polymorphisms (SNPs) in genes that participate in the NER (ERCC1 3# untranslated region (UTR) G/T, XPD Asp312Asn and Lys751Gln, XPC intron 11 C/A, XPA 5# UTR C/T, XPF Arg415Gln and XPG Asp1104His) and MMR (MLH1 Ile219Val and MSH2 Gly322Asp) pathways. These two pathways are important for the repair of carcinogeninduced bulky adducts and mismatched bases, respectively. These SNPs were selected based on their putative impact on protein function (23) (24) (25) (26) and/or previous evidence of cancer risk associations. We report here the role of these SNPs in CRC and their role as potential modifiers of the effect of red meat and poultry intake.
through population-based registries in either of the component centers of the USC Consortium: Arizona Cancer Center, Dartmouth College, University of Colorado, University of Minnesota, University of North Carolina and University of Southern California. Unaffected siblings and cousins in the family of the probands were selected as controls. Preference was given to older and samesex controls. Details on the ascertainment and eligibility criteria used by the USC Consortium have been published (27, 28) . All subjects signed a written informed consent approved by the Institutional Review Board of each institution, donated a blood sample and completed an in-person risk factor questionnaire.
In our analyses, we included subjects recruited during Phase I of the USC Consortium enrollment period (1997) (1998) (1999) (2000) (2001) (2002) . Briefly, of the 5684 subjects identified throughout the USC Consortium, 4734 (83%) were alive and available to be contacted. Of these, 3103 were eligible for screening, with 1055 of them being eligible for participation. A total of 633 subjects were alive and agreed to join the USC Consortium (60% of eligible subjects). From these subjects, a total of 650 siblings (controls) were contacted and a total of 389 agreed to participate. In this study, we only included subjects recruited from the population-based registries; therefore, 51 probands and 40 siblings from the Cleveland Clinic foundation, which maintains a clinic-based registry, were excluded. We had questionnaire risk factor with meat intake data and biospecimens available for genotyping for 577 probands, 362 siblings and 355 cousins. Among the 577 probands, 307 had at least one unaffected sibling who could serve as a control, for a total of 307 proband-sibling pairs (sibships). In addition, 87.5% subjects also completed a mailed food frequency questionnaire that was completed within the same year of administration of the risk factor questionnaire.
Exposure assessment
We used data collected in the baseline risk factor questionnaire, which was designed to be used by all Colon-CFR sites (27) , and collected information regarding number of servings of red meat (beef, steak, hamburger, prime rib, ribs, veal, lamb, bacon, pork, pork in sausages or venison) per week, number of servings of red meat cooked by high-temperature methods (i.e. panfrying, oven broiling or grilling) per week, number of servings of poultry (chicken, turkey or fowl) per week and number of servings of poultry (chicken, turkey or fowl) cooked by panfrying, oven broiling or grilling. Furthermore, subjects were asked questions about the level of doneness of red meat from outside (lightly browned, medium browned and heavily browned), level of doneness from inside (red, pink and brown) and level of doneness of poultry from outside (lightly browned and medium browned), when these meats were cooked by the above-mentioned high-temperature methods. All questions were asked in reference to the 2 years before the cancer diagnosis. In our analyses, we defined 'cooked' red meat or poultry as those cooked with either panfrying, oven broiling or grilling/barbecuing, which serve as surrogates for 'high-temperature' methods, which are known sources of HCA and PAH formation. Level of doneness refers to the appearance of the outside or inside of the meat when cooked by these high-temperature methods.
Genotyping DNA was extracted from peripheral blood lymphocytes by standard methods, resuspended in Tris-ethylenediaminetetraacetic acid buffer (10 mM Tris and 1 mM ethylenediaminetetraacetic acid) and frozen until use. We genotyped the following SNPs: ERCC1 3# UTR G/T (rs3212986), XPD Asp312Asn (rs1799793) and Lys751Gln (rs13181), XPC intron 11 C/A (rs2279017), XPA 5# UTR C/T (rs1800975), XPF Arg415Gln (rs1800067), XPG Asp1104His (rs17655), MLH1 Ile219Val (rs1799977) and MSH2 Gly322Asp (rs4987188). Genotype analyses of all SNPs were done using Taqman assays from Applied Biosystems (Foster City, CA). For quality control, $6% randomly selected samples were duplicated using a unique identification numbers and were blinded to laboratory personnel. In addition, there were 12 blank wells, serving as negative controls. We used an ABI 7900HT Sequence Detection and Scoring System for allele scoring. We observed 100% concordance between all duplicate samples. The calling rate for all assays ranged from 97.4 to 99.9%.
Data analysis
We checked among siblings for differences between the observed genotypic frequencies and those expected under Hardy-Weinberg equilibrium using chisquare tests. These tests were restricted to Caucasians who made up 82.6% of our siblings. Proband-unaffected sibling comparisons were done using a 1:n matched conditional logistic regression approach. For 42.3% of probands (n 5 244), we had data collected on first-degree cousins (n 5 355). We used data on these cousins to determine the median value for all exposure variables that we used to dichotomize all variables, as we assumed that the distribution of these variables among cousins would be more representative of the general population than among the siblings. For analyses of meat intake, we evaluated the potential confounding effect of the following variables available from the risk factor questionnaire: age at the time of interview (continuous), gender, past history of Crohn's disease, ulcerative colitis, irritable bowel syndrome, diverticulitis, diabetes and high cholesterol, marital status, folate supplements, weight 2 years before interview, weight at the age of 20 years, height, number of years lived in the USA, body mass index, aspirin/ibuprofen use, physical activity, fruits per week, vegetables per week, level of education and income. Adjustment for these potential confounders did not change any of the odds ratios (ORs) for the main exposure or gene variables by .10%. Hence, they were not considered for further analysis of gene-environment interactions (29) . For 87.5% of the subjects, we also had dietary data obtained with an food frequency questionnaire (27) for total energy intake, total protein and total saturated fat intake. Among these subjects (326 siblings and 265 probands), we considered these variables as potential confounders of meat intake variables and found no evidence that they changed risk estimates by .10%; therefore, they were not included in our final models.
For the gene main effect analyses, given the sample size of our study, we assumed a dominant mode of inheritance for all the SNPs and used conditional logistic regression models, to determine matched ORs. Age and gender did not confound the association between NER and MMR SNPs and CRC. Haplotype probabilities for SNPs in proximate chromosomal locations (XPD gene Asp312Asn, Lys751Gln and ERCC1 3# UTR G/T) were calculated using expectation-maximization algorithm for multiheterozygous individuals (30) . Among Caucasians, when considering the two XPD SNPs, we estimated that 98.1% of all double heterozygotes had the Asp-Lys and Asn-Gln alleles and the remaining 1.9% were estimated to be carriers of Asp-Gln and Asn-Lys alleles. D# between the two loci was calculated to be 0.79 and the R 2 was 0.55, which were similar to corresponding values in the HapMap data. We found no evidence for strong linkage disequilibrium between the ERCC1 3# UTR G/T SNP, which maps closely to XPD, and any of the two XPD SNPs. We performed a global test for association of haplotype alleles with CRC using likelihood ratio tests, assuming additive effects of haplotype alleles.
We conducted analyses of gene-environment interactions for all nine SNPs and the exposure variables mentioned above using a case-only design, for which we had higher statistical power and next compared our statistically significant findings with those obtained using discordant sibships, paying special attention to the magnitude of the interaction odds ratios (IORs). Provided that genes and exposure are independent, ORs obtained from case-only analyses can be used as estimates of IORs (31) . We tested this assumption of independence between the genes and exposures among the cousins of the probands, using a more liberal cutoff P-value of 0.15. We did not find any statistically significant association between any of the SNPs and the exposures, after correction for multiple comparisons. We tested for gene-exposure interactions on a multiplicative scale. Case-only analyses were done using unadjusted unconditional logistic regression models using the dichotomized exposure as the outcome variable, using individual SNPs as the independent variables to obtain ORs that would be equivalent to IOR. Further adjustment of these models by race, age at diagnosis and gender, did not change estimates by .10%. Therefore, these covariates were excluded from the final models (29) . We also performed unconditional logistic regression using dichotomized exposure as outcome and the estimated number of haplotype alleles as independent variables to do a haplotype Â exposure interaction test. Gene-exposure interaction models using proband-sibling pairs were done including in our regression model product terms between the gene and exposure variables in addition to the terms present in the main effect model and used likelihood ratio tests to compare these models with models that assumed no interaction. To do analyses by tumor anatomical subsite (colon versus rectum), we collapsed the site of tumors into two major groups: colon cancer [International classification of diseases for oncology (ICD-O-2) C180-C188, n 5 351] and rectal cancer (ICD-O-2 C199, C209, n 5 151), excluding cases with ICD code ICD-O-2 C189 (large intestines, NOS) (n 5 74). One subject had tumor anatomical subsite information missing. Analyses of 'CRC cases' include all cases combined (n 5 577). We tested for heterogeneity of the gene and exposures' main effects across anatomical subsites by assigning to controls the same code for tumor site as probands and then adding a product term between the gene or exposure and tumor site variable in the conditional logistic regression model, thereby allowing their log OR to differ and testing the null hypothesis that the log OR did not vary by tumor site. For case-only analyses of gene-environment interactions, we tested for heterogeneity across tumor site by adding the tumor site variable and the product term between genotype and tumor site and comparing this with a model that only included the genotype and tumor site using likelihood ratio tests. We compared our gene main effect and G Â E estimates analyses for multiple comparisons using the Benjamini-Hochberg method for controlling the false-discovery rate within each meat or poultry exposure considered across all polymorphisms analyzed (32) . All tests were two sided and all analyses were done using the statistical software STATA version 8 (STATA Corporation, College Station, TX).
Results
The distributions of age, gender and meat intake variables for the probands and unaffected siblings are shown in Table I . No appreciable Meat intake, DNA repair and colorectal cancer demographic differences were observed between the two groups with the exception of a slightly higher percentage of males in the probands compared with the sib controls.
Meat intake and CRC risk
The associations between the different meat intake variables and CRC risk are shown in Table II . Subjects who consumed more than three servings of red meat per week had a significantly higher risk of CRC compared with those consuming three or fewer servings (OR 5 1.8, 95% CI 5 1.3-2.5). Similarly, individuals who reported eating more than three servings of red meat cooked by panfrying, oven broiling or grilling had a significantly higher risk of CRC than those consuming three or fewer servings (OR 5 1.6, 95% CI 5 1.1-2.2). The association between total red meat intake and cancer did not vary by tumor site; however, that for cooked red meat appeared to be confined to risk of colon and not rectal cancer, although the test of heterogeneity did not reach statistical significance. We observed no association between the level of doneness of red meat and CRC risk. Similarly, no associations were observed for cooked poultry or its level of doneness and risk of CRC.
NER and MMR SNPs and CRC risk
The minor allele frequencies for each of the SNPs studied were similar to those reported in previous studies (33) (Table III) . We found no statistically significant difference between the observed genotypic frequencies and those expected under the Hardy-Weinberg principle among siblings. Given the sample size of our study, for all SNPs we assumed a dominant mode of inheritance. We present in Table III ORs and 95% CI for all SNPs investigated comparing probands (cases) with unaffected siblings (controls). We observed no evidence of an association for any of the nine SNPs and CRC. We observed heterogeneity across tumor sites for the XPG Asp1104His SNP. The His allele was associated with a decreased risk of colon cancer (OR 5 0.7, 95% CI 5 0.4-1.3) but with an increased risk rectal cancer (OR 5 2.1, 95% CI 5 0.9-4.6). The test for heterogeneity P-value was 0.035. However, this P-value was no longer statistically significant after correcting for multiple comparisons. When considering XPD haplotypes, the global test for association between them and CRC was not statistically significant (P 5 0.884).
NER and MMR SNPs, red meat intake and CRC risk For G Â E interactions, we considered total red meat intake, total red meat cooked by high-temperature methods such as by panfrying, oven broiling or grilling, level of doneness of red meat on the outside and level of doneness of red meat in the inside. Given that distal parts of the large intestine are more likely to encounter higher concentrations of the carcinogenic exposures due to increased water absorption along the colon (34), we also considered potential heterogeneity of the G Â E interactions by tumor subsite (colon versus rectum). As we describe in Materials and Methods, we first conducted case-only analyses, for which we had higher statistical power and compared our statistically significant findings with case-sib analyses.
Results of our case-only analyses for the interactions of the XPD SNPs and red meat intake showed evidence of effect modification for the presence of the XPD Lys751Gln SNP and higher level of doneness whether outside (P 5 0.006) or inside the meat (P 5 0.001) (Table IV) . These findings were borderline (P 5 0.054) and statistically significant (P 5 0.009) after correcting for multiple comparisons, respectively. Similar findings, albeit with slightly less statistical significance, were observed for the XPD Asp312Asn, which is in linkage disequilibrium with Lys751Gln for level of doneness outside (P 5 0.090) and inside (P 5 0.001). Stratified analyses by anatomical location of the tumor were generally stronger for rectal compared with colon tumors, with statistically significant heterogeneity shown for outside but not inside doneness (Table IV) . Haplotype analyses showed that cases consuming heavily brown meat on the outside or brown meat on the inside were less likely to have the Asn-Gln XPD haplotype as compared with the Asp-Lys haplotype (OR 5 0.7, 95% CI 5 0.5-0.9, Table IV ). These findings were stronger for rectal cancer cases (OR 5 0.4, 95% CI 5 0.2-0.7, for doneness outside the meat; OR 5 0.5, 95% CI 5 0.3-0.8 for inside the meat, Table IV) .
We next compared the results of the statistically significant findings from our case-only analyses with analyses using the case-unaffected sibling design. Case-sib analyses showed stronger support for the case-only findings that considered level of doneness of red meat on the outside and XPD SNPs, with stronger effects observed for rectal compared with colon cancer (Table V) . Findings were stronger for the XPD Lys751Gln SNP (IOR for CRC 5 0.6, P 5 0.128; IOR for colon cancer 5 1.1, P 5 0.817 and IOR for rectal cancer 5 0.2, P 5 0.03). Our results indicated that intake of red meat heavily browned on the outside was only associated with CRC among carriers of the XPD codon 751 Lys/Lys genotype. Furthermore, in support to our case-only findings, this interaction was stronger among rectal cases, among whom intake of heavily brown red meat on the outside had an OR 5 3.8 (95% CI 5 1.1-13) among XPD codon 751 Lys/ Lys subjects and OR 5 0.7 (95% CI 5 0.2-1.8) among carriers of Meat intake, DNA repair and colorectal cancer one or two copies of the Gln allele (IOR 5 0.2, P 5 0.03) ( Table V) . Analyses considering haplotyes determined by the two XPD SNPs indicated that their effect modification on intake of red meat heavily brown on the outside was restricted to rectal cancer cases (IOR 5 0.2, P 5 0.034, global test of interaction P 5 0.088) (supplementary Table I is available at Carcinogenesis Online). Case-sib comparisons that considered level of doneness of red meat in the inside and XPD SNPs showed a similar trend as that observed in case-only analyses, although effects were modest and non-statistically significant (supplementary Table II is available at Carcinogenesis Online). Overall, these data lend weak support for an effect of internal brown red meat on rectal cancer among carriers of the XPD codon 751 Lys/Lys genotypes.
We did not find evidence that any of the nine SNPs modified the association between total red meat intake or total red meat cooked by panfrying, oven broiling or grilling and CRC risk or colon cancer or rectal cancer risk separately (data not shown).
NER and MMR SNPs, poultry intake and CRC risk
Using case-only analysis, we observed that CRC cases who consumed more than two servings of poultry cooked by panfrying, oven broiling or grilling were less likely to be carriers of at least one copy of the 'A' allele in XPC intron 11 (CRC IOR 5 0.7, P-value 5 0.040) (Table VI) . Furthermore, we observed that cases who consumed heavily browned poultry were less likely to have the XPD codon 751 Gln allele (CRC IOR 5 0.6, P 5 0.016) or the A allele at the XPC intron 11 C/A locus (CRC IOR 5 0.7, P-value 5 0.031) (Table VI) . Furthermore, the XPD Lys751Gln Â poultry level of doneness interaction seemed stronger among rectal cancer cases (IOR 5 0.4, P-value 5 0.005) (Table VI) . These interactions did not remain statistically significant after correcting for multiple comparisons. Nonetheless, a comparison of these case-only statistically significant findings to case-sib analyses showed IORs of similar magnitude for XPC intron 11 and intake of cooked poultry (CRC IOR 5 0.5; P 5 0.054), XPD Lys751Gln and level of doneness of poultry outside (rectal cancer IOR 5 0.2, P-value 5 0.04), XPC intron 11 and level of doneness of poultry outside (CRC IOR 5 0.5, P-value 5 0.08) (supplementary Table III is available at Carcinogenesis Online).
We did not find evidence of effect modification of high intake of cooked poultry or its level of doneness by any of the other SNPs. Overall, results did not differ by tumor site (colon versus rectum).
Discussion
In this study, we observed that consumption of more than three servings of red meat per week was associated with an increased risk of CRC. Similar findings were shown for red meat cooked by panfrying, oven broiling or grilling. When we modeled servings of red meat per week continuously, we observed an OR of 1.4 for an increase in 75 g/day of red meat consumption ($1.6 for every 100 g/day increase). The Case-only analyses were done using unadjusted unconditional logistic regression models using the dichotomized exposure as the outcome variable, using individual SNPs as the independent variables to obtain ORs that would be equivalent to IOR. b Unadjusted. magnitude of this OR (1.6) is higher than the pooled summary statistic of 1.3 for every 100 g/day consumption of red meat in a pooled analysis of prospective studies (35). We did not observe an association between consumption of heavily browned red meat (inside or outside) or between frequency of consumption of cooked poultry or heavily brown poultry and CRC. Further adjustment of our models by other dietary factors known to reduce CRC risk (e.g. fruits and vegetable intake) did not statistically significantly change our estimates. In contrast to our findings, some studies (9-11) reported a positive association between diets high in well-done red meat and CRC, whereas other studies reported an association only among carriers of specific metabolic phenotypes (12) . Studies done on colorectal adenomas, precursors of CRC, are also inconclusive, with one prospective study reporting an association between doneness of red meat and risk of adenomas (36) , whereas two other case-control studies failed to find an association (37, 38) . Similarly, association studies that took into account different cooking methods and colorectal adenoma/ cancer risk were inconclusive (9, 10, 37, 39) . Overall, our findings suggest that components present in total red meat, and also in red meats cooked by broiling, grilling or barbecuing, may contribute to CRC risk. Our definition of total red meat included some processed meat items (e.g. sausages and bacon); therefore, our findings may suggest that NOCs present in cured meats or NOCs formed endogenously due to high red meat intake (6) (7) (8) , might be stronger candidates to explain the red meat and CRC association. In addition, PAHs and HCAs that formed in grilled and barbecued red meat may also explain this association. Nonetheless, we cannot discard other red meat components, such as heme-iron, that have also been suggested as cancer risk factors and that we did not evaluate in this study.
The main objective of our study was to identify potential effect modifiers among SNPs in the NER and MMR pathways. The results of our study based on case-only analyses suggest that the two SNPs we studied in the NER gene XPD may modify the effects of level of doneness inside and outside of red meat (beef, pork, lamb and sausage), especially for rectal cancer. Our analyses using sibships generally supported these findings. In particular, our main finding was that subjects who frequently ate heavily browned red meat were at a higher risk of developing rectal cancer if they were carriers of two copies of the XPD codon 312 Asp or XPD 751 Lys alleles but not if they carried at least one copy of the Asn 321 or Gln 751 alleles. Furthermore, our analyses considering poultry intake suggested that among carriers of the XPD 751 Lys allele, intake of poultry heavily browned on the outside might also increase risk of rectal cancer. To our knowledge, few previous studies have assessed interactions between NER genes and intake of meat or poultry in CRC risk or colorectal adenoma risk. In a Danish prospective study, Hansen et al. (40) reported no interactions between intake of red meat, processed meat and white meat (fish and poultry) and genetic variants in the NER pathway on CRC risk. Berndt et al. (41) did not find any statistically significant interaction between consumption of red meat and NER variants in the causation of CRC. However, both of these studies did not consider level of doneness or cooking methods, so we cannot fully compare with our results. Our finding of an XPD by level of doneness interaction restricted to rectal cancer cases is in agreement with a study in Hawaii that reported an association between estimated levels of HCAs and rectal cancer but not with colon cancer among men (12) . It has been suggested previously that if the route of exposure to the colorectal mucosa is via the lumen, distal parts of the large intestine are more likely to encounter higher concentrations of the exposures due to the increase in concentration of lumen components as water absorption increases along the colon (34) . Therefore, our findings are consistent with this hypothesis.
It is biologically plausible that XPD SNPs could modify the effect of well-done meats and CRC. Both carcinogens generated with charred meats (PAHs) and well-done meats (HCAs) can induce bulky adducts, which elicit NER. The XPD protein functions in NER as an adenosine triphosphate-dependent 5#-3# DNA helicase. Its C-terminal domain (amino acids 478-759 that include codon 751) interacts with the p53 protein (24) . It has been reported that the XPD polymorphism at codon 312, but not the one at codon 751, is Meat intake, DNA repair and colorectal cancer associated with a 2.5-fold increase in ultraviolet-induced apoptosis among lymphoblastoid cell lines (24) . Interaction with p53 is known to reduce the helicase activity of the XPD gene, and it was hypothesized that inhibition of helicase activity may allow a stable formation of the complex of the damaged DNA and the NER machinery, resulting in a more efficient repair (42) . If either XPD variant alleles we studied here (Asn 312 and Gln 751 ), or another SNP in linkage disequilibrium with either of them, reduced p53 binding, this could explain why diets high in well-done or heavily brown red meat may have a detrimental effect among carriers of the more common Asp 312 or Lys 751 alleles, as these subjects would be less efficient in removing the damage induced by PAHs and HCAs. The literature for genotypephenotype association studies for XPD SNPs have been inconsistent, therefore no final interpretations can be made regarding our findings (43) . Further studies on the functional impact of genetic variants in the XPD gene will help better understand our results. The inherent advantage in this family-based study design is that it reduces the likelihood of confounding by population stratification. The population-based nature of this study is another advantage. Lastly, given that the USC Consortium is one of six members of the Colon-CFR, we will be able in the future to extend these studies to other centers in this large Consortium to validate and expand on our findings. Our study had three main limitations. First, we only considered SNPs presumed to impact protein function based on prior knowledge, rather than a comprehensive tag SNP-based approach that would capture most of the genetic variation in each gene. Therefore, based on our findings, we cannot discard a potential role in CRC risk, or effect modifier role, of those NER genes for which we did not find associations. Furthermore, for the same reason, we are also unable to comment on which steps of the NER pathway might be most important for CRC risk. Second, we did not utilize summary measures of HCAs, PAHs and NOCs to determine which one might explain the association between consumption of cooked meat and CRC. Instead, we used data on frequency of intake of red meat or poultry cooked by panfrying, oven broiling and grilling, which serves as a surrogate measure for the formation of either HCAs or PAHs. The two variables that assessed level of doneness on the inside or outside of the meat may also serve as surrogates for the accumulation of carcinogens. Third, we were unable to investigate potential racial disparities in the role of meat intake, cooking practices and CRC risk, as most of the subjects in our study were white (75% probands). However, we did not find evidence that our main findings differed when restricting analyses to whites or non-whites (non-whites composition: 36% African-American, 34% Hispanics, 12% Asians, 17.5% other racial groups or unknown). Future larger studies using the entire Colon-CFR Consortium will allow us to better address any potential disparities.
In summary, our findings confirm a role for diets high in red meat as CRC risk factor and support the hypothesis that carcinogens that form in red meat heavily brown on the outside might play a role in this association, particularly for rectal cancer. Additional studies using a more comprehensive genetic approach in a larger study population as well as data from prospective studies are needed to confirm our results.
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